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I. INTRODUCTION

This report summarizes the research activities carried out under

$~• grant #DAHCO4-74-G-0014, during the period 8/1/1973 - 7/31/1976. The

main investigations were in the area of electrodynamics of spatially

• dispersive media, where many new results were obtained. Initially a model

medium, characterized by a dielectric response function appropriate to

• -~~• the neighborhood of an isolated exciton transition frequency, was

considered and the medium was assumed to form a plane-parallel slab .

The exact mode expansion for the electromagnetic field in such a medium

was found. The solution has thrown much light on the controversial

• ~• question of the so-called additional boundary conditions in non-local

electrodynamics. Our later investigations extended this analysis to

spatially dispersive media of other geometries and to media with more

general dielectric response. ~
‘
erenkov and transition radiation in spatially

dispersive media was also studied

- i  Substantial results were also obtained in the theory of non-relativistic

quantum - mechanical scattering and resonance theory with finite-range

potentials. The non-local boundary conditions of electromagnetic theory,

(expressed by the so-called extinction theorem), that played an important

role in our investigations of spatial dispersion , were found to have

an analogue in these fields. We have shown that with the help of such

• a non-local boundary condition , one can define resonance states and bound
~

~~ 

.

~~ 

states in a way that appears to have considerable advantages over other

- approaches. We also showed that an important formula (the so-called

Kohn-Rostoker-Ziman boundary condition), frequently used in band-

structure calculations in solids , is an immediate consequence of our new

formulation.

I- — .- -  -‘
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I. INTRODUCTION (Cont ’d)

• Investigations in several other areas were also undertaken. In

particular we have studied the relationship between the multipole

expansion of a field generated by a localized charge - current distribution

and the angular spectrum representation of the field. An important

• consequence of our analysis are explicit formulae for the multipole

moments in terms of the radiation pattern of the field. These formulae

make it possible to calculate the field at any point outside a (ficticious)

sphere containing the charge - current distribution from the knowledge

of the far field.

~~

•

~ 
j ~

• . We also put forward a new theory of radiative energy tran sfer in

free electromagnetic fields. This theory provides a model for energy

transport that is rigorous both within the framework of the stochastic

theory as well as within the framework of the theory of the quantized

field . This theory has an important bearing on the as yet unsettled

question of the relationship between the usual theory of rad iative

transfer and modern theories of radiation .

Full accounts of our investigations are contained in 17 papers.

Ti tles , authors and journal references are listed on p. 3 - 4. Summaries

of these papers are given on p. 5 - 11. Some of the results , obtained

by a graduate Research Assistant while employed on this project , formed

part of a M.S. thesis at the University of Rochester . Particulars are

given in p. 12. List of personne l that assisted in this projec t is

given on p. 13.

I
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Spatiall y Dispersive Media” (Phys . Rev . BlO , 1447 (1974) ) .

•

.
‘ 

~~~~~
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~~ 
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*Work supported in part by the U.S. Air Force Office of Scientific Research

~Work supported in part by the Nati onal Research Council of Canada.
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F ~

‘Work supported in part by the National Science Foundation .

tWork supported in part by the General Elec t ric  Foundation .
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I I I .  SU!44ARIES OF PUBLICATIONS:

• (For references see p. 3 of the present report) .

1. Progress in Optics Volume XI 1973

MASTER EQUATION METHODS IN QUANTUM OPTICS

G. S. AGARWAL

Department of Physics and Astronomy, Univ ers ity of Roches ter , Roches ter , New York 14627

• 1 This article presents a comprehensive review of master equation
methods in quantum optics. After presenting an account of quan tum
mechanical phase-space methods , mas ter equa tions are discussed for
a general system, for systems interacting with stochastic perturbations
and for open sys tems. Rel axa tion and Browni an motion of a quantum
osc illa tor are cons idered. Superradiance and laser mas ter equations

- • 
are also discussed . Some related top ics are reviewed and an application
to solid state physics is given , as an i llustration of the technique .

2.  P h Y S I C A L  R E V I E W  0 V i L U M E  ~. N U M I t E R  4 15 A U G U S T  19 7 3

Radiating and Nonradiating Classical Current Distributions and the Fields They Generate *

A. J. Devaney* and E. Wolf
Depart ’nen! of Ph oc.s and Actro,,om v. L’n to ’rs i , i  of Roches te r. Rocheswr . V ss York. / 4 62 7

( Received 4 April 1973)

Sesera l general theorem s are established relating to we li .hehased , locali,ed. nicsno~hroinatic current
distributions and t he fields (hat (he> generate . In particular, a necessar> and su fficient condition for such a
current dist ribution to he nonradiatiitg is established and a general expression For all nonradiating current
distrubui ioiis of ihis c la ss is obtained.

• 3. J. Math . Phys. Volume 15, Number 2 February 1974

Multi pole expansions and plane wave representations
of the electromagnetic field*

A. J. Devaney and E. Wolf

Depir toi.’nt if P/i t i c s  split •~ s i r ’ ’  ( 7(;  (ciii; if Rss  Is i t , , /? 5 ~i,” ‘i t .  1 t A  / 4~5J

(Recesse d il M .i y  l97~ reu sed nr.irsuscri pt rec e ised 2 August ~~ “ t

~~~~~~~~~ 
• ,
~~ 

S
• 

~~~•s unit ~i i i tuu ’( ’ ii i.i l (% ‘t i t ip it’ t i t ~ i t i ’  ii is presc i r l s ’ l  ii t 1 is n isi it ipi ’ Ic s~
,.s i s i , ii it .ifl

.

~~~~ 

. 
e lectromagnetic leki h i t  is gc i te r .uis ’it h> a list ,d i , cd . ni ’nochr m.utsc ~-hargc currcni ilisti ihi t t i oui
The d er is a tut i n  is iht ,uti iett rh the hel p i t  •i generaliied plane ~~.us c s’~ ’ su it iii t known i ts , ’  as

ih~ .ingulat s p i  runt r I ’t ’ s c  ~ i lion • (it field This re r rescni ;ui ’ it  coliiainc both ‘rdinar~ plane

is s . 117 (1 pl ots i s  — li ii dcs.,s • s puite , i t , ,ills in •itnp lli ude i s  the us use is ‘i ‘ p u t t i e s 1  1 he
a n t i s  s i~ rn s i t s  i t t  11110 s Ic  rrt ,tt i s . . tip hs’tusec n ih~ A I,ie ratt,cd rl ute s i t u  C represcflt:uitt’l i .itid (is’

n tu l i s l ’ s s !c  e s p t i i s t t n i’  the lis’ ( si i s t  , . is ls is ’ .1 nti ntbe r i i  1 1 1 5 5  ic ’ . t lis Iii ‘ i l l s  ttI, ir~ scsi ~~ ls

• 
~

. 
,i rc s,t.ijii,ed i i  the ci,’ t i i~ n u t  is i t i ic’ t ic ~is i t l t i ;’sui ~ iii, ii Ill s in ICY 511 ’  il .t’II.iili s ’ l l l r ss t i t n IS  ti i lte

— . sp.iil,ui ‘ai rier i l l s  t r s ’’i tlii’ i r a t s s t , t s ,  ~‘,iri -I the cu rrent ,J i s t r 1’ , s t i s ri Ii is shins;, f urth er t h u
th e s l e u l r iI .i~~i t i I ~ u n i t  it ill 1 111 5 o u st , ’ .1 sp h~ir ls t  c u l t ?  i s i s  lit c l ius i t c c i t  trill ds i r i h i i i t t un  i s

‘ ‘fl t’~~’ ci 5 5i’u l  lied hi the t ~ ~~ i ’i,i t i e  • l’s s i t u  s lit ,,i h f ur F lirt t ‘~~( i c s i  1,sin,sil,,s s u e

for ill liii ’ niiilti~t~ ic i t s ’  ins il ls  iii It 11155  i f  t ss i ,sdiatuit n p .s? I r r t s

.
~~~~(

~~~~~~~~~~~~~ ~~~~~~~~~~~~~
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Electromagnetic fields in spatially dispersive media *

G. S Aga rw a l

~ Taut Institute of Fundam ental Res ear ch , Donthuy 5 India

D N. I’attunaya k and F. Wolf
Dep artment of Physics amid Astro no my . ( fn urs ’ r su t y  of R tchi’.stcr . Rsch s ’stc, Scs i lusr k 146 2 7

( Received 17 January 1974)

The structure of the electromagnet ic field in a spatially dispers ive model medium occupying a plane

• .~ para llel slab is obtained , free sif sesera l cusuisi nar> ad hoc ass umpt s ;uiss made in iutlier t hes uries. ‘1 hr
model medium is characterized by a dtele’ tric response function appropriate to the nsttghhorhood s i  au

tso lated-exci ion transition frequency. The exact mode expansion Isir itte electromagnetic field iii s ite slab
is derived and it is found that . ui itli ts c iii tti u ’ ~-.ise iii si t  iiuu t usi iii ii lc ’sl iitediiiin . a siiigle r hie u.ii~’

cannot he generated in t he slab. An elementary solu is itis (a single mode) is found to consisi , in general.
of six plan e waves (Four transverse and two lotigitudinal ones). ess up ied by tw o linear rel~ii ioui s Th ese
relations are ihowir to he eq uims si lent to two non isical boundary cisisdi i ll sits (of the tor us ctico si islet cd it s

connection with t he Ewaisl’Oscen est ii iciton thcitrcn s in nss ’ lccs i lsi r optics ) , sult ich the itsinhwsul
conirih’sut iou i isi the itiduced polarization must sa tis fy nit the faces of the slab I t s s s  result ress ‘isit s

lsing’stasrd ins n c- i t i i t r u ’ %erss at~~uii t f l ue ut is l i e  s i t  i t te ss , 1tilk ’sl , is t i l t t tu t 5 i~l tuiiiii ieta r> i tsiui l t i l tul is liii ire .(5 ~

• f cra tv h~ liesett f i t  It,’ rr’ tjsii resl t s , r  s it ls iiuii pruitu lcir is s s f  iuifs ’r ac t is u it It  i t t  des  trsii i iaisiis’tit ’ It s ’itl wi th
ti;,llv uhj s~sersi.e inediiiiit. liii ’ results it’s’ apil ied to t h e  iruuislciis iii re t rs iy - t i is i t  h id ieIt~;’ti,,ii on a s)ii t i i it l>
slj sjse rs is ,.’ i,tiidel nucdiuiiu iics’ii i> lug a iis ilf ’spas ’e and ;i ilt’irersi iula t i s s i u  iii the classic luiriiiuiiss iut I i’esii~ I

art’ uil,iainesl . [lie (icli avis ur iii fl ic relIeL tsi t t intl irz u issn i it ted w ascs as f i s , ict uii its ii t i e  sing le si t ri is iit s’ isc ~
atsil of the freqiicuics are illust rate il liv several figures . Our res u l t s  are s l i s uwt i  i i  shif ter tro ut t l i ui ’,e i t h i t su i sse d

- Ity Pekar in a si~’hl ’kutuiss ~ pat ter.  rite sl iffs ’rct ice is tra i ts ’il u s lie unsure ‘ i t  the s i u t s lu t los ia l  t t ,,; si tt lsir y pisti l)’
Citi his Instills, tes t lu3 Pckart dies sire (sutis id I;, hi’ iiicossu;sSt’n( will; liii ’ sii lsli(iisii ,ij l,uu iti i it ,ur> t , t , i sh i t i u t i i ~ i l l s  I

• “ 5 sic den s e is a ii es act co itseqtie isce itt ’ ‘d i  swel l ’s tt iei n v Ci uiuij’ia 051,115 “ 5  thi ses e rsi l (it h e r  t lteu ir ies . (‘5th ’’

dali>’ w i t h  tluiise iii -Scm and htirnta is as isi  u t  ‘dsiradiiifin ~iiil Mills arc’ also mask

5. Optics Communications Volum e 12, Numl’~ r 2 October 1974

I LL(’TR()\l.’~GNl ~TlC S(.~T’F I RING FROM A Sl’\
’l’l.~ L.LY I)ISPER SIVF SPIII RF

m liii I . FO! FY
• - P ‘1 i,ir t,pscnf of P/t i tics ansi A j r  i ttosto s’ . ( ‘ nit ‘ u rn / I it Rsi sh u ’ uts ’r. Ru /l, ’ s t , u’ \ ) / 4’s ,~ :

‘, I S I

Id

- 
I) . N . l>~ f \ \  ~‘iAl<

/)u (turt ui is ’,i t 5 ’ ~’ j~J5 l ift ’S , I ‘t I l l ’s )  c i! s s l  J’i.ics)? i tO 15, 1” , s I t ’ s  H,s ’s’ ’ l , s  1? 5 ,~ t . I 5515 ,1,/il

Ru ’ , i s c l l  I , \ s l s i l ) s i  ‘ 1 7 4

[t i c p r s u h t t e r i t  ‘i lie s; , iit c r i ng  ill d plane s u n  is ’ s ’ l t r i ’ u i t ,s t ic . Itnv ’,ir lv 1’ , Lui ~~~~I •U, 1i’t 5 ls ’ t1~~i i u  ii s i c  uu t c i sh c i l t

hr i ulul 5 ,s ~ i l l  o t i s l  .1 liiic.ir l i s t i u i s s gcncs~iis i l • ’ S l - I l ? , i t ’ I l i  Is , s p l i t ii :, il l s  ‘- ‘ ~ sp lrc i c uu.ilt ‘ u s c , i s  Ii l O s  liii; i i s s i l  I s , , ?

a u t 5 ’ I ‘ rot

• u , , lh .~~ ,t  - l~’ii• L - ss s s . .ulJ

is ~~~~ sus i t l t i t i  the In i ’ ’ , s i i , , r L  u t  \1 ,usssc l l  

- u — 
~ s~4 — 
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I I I .  SUMMARIES : (Cont ’d)

6. P h Y S I c A L  R E V I E W  13 V O L U M E  11 , N U M I h E R  1 1 l E l 3 lfl A lt i 1 ’ J 7~

Structure of electromagnetic fields in spatially dispersive media of arbitrary geometry *

G S Agarwal
Two Ins t i tu te of / “unda ,nentss l Resea rch . Bombay 5. 1nds ~

D. N Pattanayak and E Wolf
Depar tment of Physics an d .lst ronosny . Un i v e rs i t y  of Rochs’su’r, Roc) , cs cr .\cu. }‘utrls / 4 5 2 ’

(Receised 23 Septembe r 1974)

• The nature of the eleclronsagnetic field in a spat iall) dispersive medium , occupyIng an arbitrary

domain V is insestigated , under conditions when spatial dispersion effects • ur i s c from the prese iuce c,f ,ifl

isolated exc hton transition band It is shown that the dectr ic field at frequency w close to the exc it o rt
• 

‘ t rans itioit frequency t isay . in general , he esprcssed in 1hz iorm ~~~ ~~~ t t ,s a ) + l ’~
2 ‘ l~~s,c l ~~~~~

where E~”fP w )  (/ = 1 . 2 ( are lraitsve rsc fields asid ~~ IF. Q t  is a longitudinal heid I  and that siacls of t he s e
t hree fields satisfies a }leimholtz equ,ituon. The ~~~s u ’ nutuihc’rc o~~’urrislg su n Ilic t h ree lhcltiuh cdtz
equations are t he roots of the dispers ion re lations J) l I l r sp r ls i tu ’ to the nsc’diunt It is further shown f iat
I Inc t lneu’ t telds ire cutuplesh by ,i linear rz Ia loss . w i iitli is show it to uss nhy a recent ly slit u sed inst local
l~s>uissIa ry vondition on t i c  noitloitsil polari iatiout , enp rccs u’d ins t h e  i’rsrnu si au u’s h i t s Su it thiconsin i

- • Thiesc re sults sire general scat ions of ceo as us ru ss Its ssb t ,i s us ed not Is h g  • yu  by St int , 13 nissan and Scm
, Ag,irwal , Pattanay ak , and Wo(t . atu d Maradusl iui and ~hi Ils.

it

7. J. Math.  Phys . Volume 16, Number 8 August 1975

Foundations of a quantum probabilit y theory *
I’ 

M. D.
Department of Ph ysicc an d Ast ro nomy, Uni versi ty of Rochester Roches te r , .\e~ York 146 2 7

(Received 17 January 19751

I Stat istical ph~sical hsessnes are frequently formulated in terms suf probabilistic structures founded on a “logic

~~ . of exp~rimentally veri fiable prruprusitions ” It is argued that to each exçue rimcntahlv verifiable proposit ion there
corresponds an experimental procedure which , in general , alters the state of the s>sle m . aitd is comp letely
characterize d by a “measurement trans formation ” or “operation ” An aita l ysis of the relations antusng

. / these ex perimental procedures leads us to a “logic of operations ” which is quite d m hlerentt from t lse

I “lattice theoretic logics ” thai are often considered bahb ctt inadeq uate empirical ustificattonl. as models for
the calculus of eaperiincnta lby verifiable propositions of quantum theory It is seen that the quantum

~~ .~ . probabi lity theory based on t he logic of operat ions provides the proper mathematical fransewiurk for
discussing the statist i c s sif successive observations in quantum theory We also indicate hi,w a theory of quantum
stochastic processes can be formulated in a wa s similar to the Ksslmognrov formulation of the classical theory.

‘5 —

8 I’ Ii V S I C ’ S  L It I’ S’ LW 1? V (~ 1, 1 S I R  I 2 , 1’ lI lt I . i I 5 t i l l  it 11)

-
• - ‘ Elect ro dyna m ic s of nonloca l media *

Jol~ i 1. loft’ > ,uui ~l , -\ J Dc’s s i le y
I / ), / ‘ .J r I t , ’ I t t  su/ Ii’s sli t s i ’t , I  I, ts ’ ..sl Iu ,’ s  I i i t ~~’ ‘ ‘ ni ‘ ‘ ‘ h.ss t s s ’ s t r  JI . ’~ 

si, , t, u . \ -  ,, )u.d,  h l ’ 2
R,’c e u s u ’sl ~‘ s , , l i

s\ ‘ I l l ’ lI st . 11,551 1 upss si “5 ss ’ t ter ’ l l~ pf i,’, l issss i uc s . 5’ , — : s nuyntc ’ul l ’ s  c , s l c s ) t . s h i t I i t  t h e  r u t i ’ s  0 5 5 1 5  st • , .‘ p.

, 1 r isl irsls ’ ;h ;hl alie t h u  i r I i t l , iC l iC i l c  is lvii i t  I t s ,  ,i s, ’t i ,i’ s i s t i u u t i s i  urs ,’ s h s s m u r t  us t i u t ’s ’ • t s , ’ I s ’ I s ,  rs lsps ’l ) ’ I’ 
~ ~~

* n,lnh,s c’ ,sl I he t u ssth i , u s i  ss s ;sp tuc , s l ’ l e  ill I t s ’ , i s  l l s , s t  t ill ~,‘ ,ss lc ’ it u .i ts ’l > s lcSct lb ’ S’s h hs liii’ sh u c k’ s i i i ,  , s ; i 1 s i s s s i i u t . i t t , s 1 1

,s i i ’ l  lis si t s  cs.’ d i r  sh i c l cc t n i c  rc’s ps lstse l s i u t c t s ’ n s , i I t i,s i ,itid r , t t  s o  ss l t sc l t  • i l u.i 5515 1,51 s t i l s  I ‘ u s ’

*~~~ htsii suui s’di s s ’s s i t s 1 , 5 s 5 l 5 ; ’ ls ’ i s s  ciund ut ions “is III e s , s s s s ,’l’ ’ of r Ite , r t r i hs ’ ,l . I t s ,  I,l’t , ’ , t i S s l l l ’ ’  s l i t  c ii, t i l l s

n stsh t s i f ls  c’h ,irac leru ,cd by a dielectric iC~ )’ 101 ’ •uppt ipi tie i ts the Isc Ig lib SI II i s , ?  li s ill i s u u l s l s  1 \ s

- t r a t is l  l i s t s  freque nc>
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‘
I

9. P H Y S I C A L  RE V I E W  D \ ‘ O L U~~h E ’  13 , N t ~~~1Il h; Ig 2 1 1 s  - I A N I A I t i l 9 7 6

Interaction of a moving charged particle with a spatially dispersive medium.
I. Structure of the electromagnetic field*

B. J . Iloenders atid D. N. Patlanayak
Departm ent of Physics and ,-l .l l r  ‘ u s tu sn  Uu lue, ’ rnts’  if Rs u c) testu ’r . Roc hsi ’ ssu ’r, $sess York / 4 627

(Rece ised 27 May 1975)

The general structure of the ehectr u imagit e tuc field is determined w h i c h  is getse raied h~ a unifornil y miss t u g
it’ point charge interact ing with a spatiall y dispersive medium fs s rmsng a pla uie parallel slab, The directi s uti iii the

point charge is taken to he at rsg ht angles i s  the faces of the slab , an,J lie disdeciric const a nt sf she medium

~ 
in the w a s e .s e cts l r  frequency space is assumed 5, 1 be of the turin e l k . iv) = ~ ,~s ,,(,.u) - ‘ x’ ’ k I.s ’isui~ ’

Ex pression s for ~ eren kos and tra its iiis’un radiatu s s us fields associated wi t h  a unifiurnniv nos ing p051s t charge
passing from a s’acsiuin into such a medium , fs~s n s s i s g  a half space. are also ohlas ,sed,

10. l ’ I I Y S V ’ A I .  R E V I E W  I) V O l , l’ M E  13 , N t’ M f l h  R 2 15  T A N  l A i t Y 1 9 7°

Interaction of a moving charged particle with a spatially dispersive medium.
II. ~ erenkov and transition radiation *

up 
I 

, -B. J. hlocntder s atsd D. N l’attartziyak’

Dep art m ent of Phy s ics uund ,4 s i r ’ ui ouni ,  I “,,s i ’ rs ’,tv , ‘I Rssy)tu’c t u’r . R , s s ’ ls , ’ s t ,’r , .5, a- Y I n , 14627
(Received 27 May ,u7~ 1

Its the preceding paper , we sshta iitcd s ’xpr e sss us rss f u r  the ehu ’c t rs uma gnetic ’ lul l generated hu the sn i ier , ict u ,usi stf a
ussif itrml y moving electron with a spatially dtspers is’e half’space. One part s i  t he field was idcntiuhlrd w u ih

Ceren k ’s’ rash mOon and the sst her puirt w i th  Ira iss i lion t sidiat suit In I his paper I t  is shs uss’ui th at t hue us e c 5t v i  Is

u n s h e d in thin ~‘uirenkov part can he es ahu at ed in close d form si t tc rnts of elemet s t , , uu funct ions , and ‘as’

u l l ut h i t  is three d si net th reshiold corudit iu~ns fsur ~ ereisk ,us radial sirs utss iead of the u sual one , as ss t t ic csssc iii ii

spatially ito itd ispu t rsuve nsedisins , T’ urtlicrnsore. we ohiain for each ft cq UCu5 C\ c’us i)s ponenl the is> 1)1151 ‘SIC

cxpans issn (ii t he I ransil iots radiatic t it ~~rt (St lhe f i e ld , v a lss h at p i lu u u t s  S h a t  are fir es s s s s s g h aw,iv frons rIte p u s  h

of the e lectrs s n and frssns the hsiundarv

‘
5
’

‘

~ 

11. T 5 l 1  V S I C  A I. R F: V J R  ‘iV I s  VIII . U ‘ii : 3 • N T ’  ~l Il l-; It I I S I I, h’  Ill’ \ It V

Scattering states and bound states as solutions of the Schrodinger equat Ion
with nonlocal boundary conditions *

D. N Pallati s ivak
b ) s p , : o u n e u i t  of ( ‘(15 ,, ’ , ’, , 1 t o , ,  rs i5 if ( w eI s s ’ ’ . E’s s r s s r s t o  SON I I’ ( s iuhs j s hsi

L Wol~
flu’psursrnm’ni sf Pltyocs itutd , ‘ t , i r , ’ u t , , ,u i ’ , ’ , J ’ tt~~s s ’ r ’ , s : )  us] R , , ’ l s , ’ s S ’ r  Riicit,’ster . \ s ’ uu T urk / 4 6 2 ”

( R e c e s s e d  2 1 July b~ ’5I

T he prsthlern rif dete rnit nung the Sc Ii mdi nger was e funct u s uti of a nuunrc lat isis u psi rt sic that us ci? icr sc at I c’red

•~~
‘ by .u p ute n I at sf a fi lisle range sr that us hmuund to it is reformulated in a tinsel ‘a .i It us shown thai in eli her

case t h e  wa se function must satis fy .s c C s ’t ,u in  houstdi ry condition on the surface that s hehu tss tt s ihe en
_
titlist

rai~tc sf the potential I s t  sc is ti rr ing s h a l t ’s h i t  hut urucl. i r> tlltidlii i0ii is anals igous Is ’  hit m a t  hsc inat ic ii
Iormulahituit ssf the Lw suk h-Oseeti u’u.t lilc l i u l i i  ilseisreni ‘I e l s s s c u l  ek’c lrismiignehuc’ th cs r~ - l’lue new fs , r i i s i s l , i u i susu

IS I l lustrated l’s > delernnining Ille sc. iuu’ rss ie  s u i t , ’’, in~h he huuiiiid s ta r es  for a ce ntral pstt en i i a l  Ii is a lssu 511 ,1,5 11

I li st ,u hiuuutdary cu u nd uti ott thai is use ,1 in h ,, su sl ’ strus el ‘re calculations in solid’, is an tminedisitc cl s ns s s ’ q u c nc c I’S

usu r quint uit u -untie hat is c al  ex t  liii t h In i heorens Is - r hi , s s t ’ , l  55 a I its

d
- 5- 
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12. P H Y S I C A L  R E V I E W  ~ V t ) I . I~~~t E  13 , N U M B E R  4 lii FEJl l t t t A I t ’i’ 1971’t

New theory of radiative energy transfer in free electromagnetic fields *
‘- . E. WoW

Departmen t of Physics and Astronomy, i ui,ri ’ rs,~~ of Roches ter , Roc hes ter , Vew York 14627
(Received 2! August 1975)

A new theory of radiative energy t ransfer in free , stat ist ical ly s L’ituisis;x rs’ s .’ he ,t ro s sv s gus , ’tic
fields is presented , It provides a model for ene’ rgy transport that is r igor ’s ’  s within this .
frantesvork of the stochastic theory of the classical field as well as within the fratss ewor l .  of
the theory of the quantized field, h’ nlske the usua l phenomeno logical model of ra,l ,it u i - c’ en—
ergy transfe r that centers around a single scalar quatst ity (the specific intensity of radi n—
tion) , our theory brings into es’idence the need for characterizing the energy transport Lv

• I. means of two (related) quantities : a scalar ansI a s ector that may be identified , in a sve ll—
defined sense , with “angular components ” of the average e lectromagnetic energy densily an’l
of the average Poynting vector , respectivel y’. l3oth of them si re defined in terms of inv us r i—
ants of certain new electromagnetic c ssr re la t issss  teissors , In the special cr sy c ’  when the field
is stati stically homogeneous our model re,l nu’. 5” the ‘s s , :ii one and ous r :ur t g ’ sl us’ component
of the average electromagnetic enee~ s’ density , wluen 511 Ii p u s s t  by the v a c u u m  SpCCii i f  light ,

‘ , j  then acquires all the properties of the specif ic intensity of rai t iatso is. \Vi t u-r , the ’ f ucI in nit

J stat ist ical ly hotnogene lius sur model r e ’ I ’ i c r ’ u  itt good ap~tt ’oxu m .1tion to t hu si c , ia l  phc no:s , e’r!sI_
logical one , provided that the sing u lar I ’ ’ ’ ! ’ rc ’ hat iut t y between plane w i s e  rn ‘sls ’s i  of t h e  f ielsl

I extend over a ssu fuicient lv snsa ll solid angle ‘‘I ds rect iot ts  sibout liii’ di rcct iots of pi’~ p:ig’ll is 5o
‘P ,l~ of eac h mode, It is tentatively sugge sted that , when s ui : u hs l v  normalized , ii’ angular co ot —

‘ ponent o f tlse average electroitisgnel ic energy Ihs ’ns uty may he inierpt ’etesl as a 1 l o s p r I t s a I t l I -
ity (general quantu m—mechanical phs ase—space ihis tr ibss t io n fu nction , such as Ws gner ’s) for ti le
position and the momentum of a photon.

‘a

13. P HY S I C A l ,  R EV J I ’ ; ’uV I) V s ) l , tj,\ J E  13 , NI’~ .1 B E R  ~ 15  A t ’ I t . I j  1 9 7 k

Resonance states as solutions of the Schrodinger equation with a nonlocal boundary condition 5’

0 N. i’ t l ta na\a L
Os p ars u,i, ’ u i t  of I / i  i’’ ,, ’ i I s i l l  i’s’s, Ii’ sif’ 1,sr,uus us , , lisruisi t, u ,‘if i tS / ‘I “ (‘a us v u/a

‘a ’ “ E W ,sH’

— ‘ 
‘ ,- 

‘ 
fls’psirt uu is ’ u ts  I, ! PIIi’uic am id ‘I ) u r , s u s , , t s s  ~ , ‘I 5~~1 ’5 I t s ’  of It,,, s u, ’ s t , ’r RIsu lus ’slu’r . ‘is Si I ,,r(, / 4’ 2

‘fr~ 
I Received 5 1  ~‘,~~lS CIt lber  I

Res ,s us ,i us’ c 5545  S’S I ’  i .5 5>501S t  c ’ usu t s i shs t t g  uI’ a p , i t i uc l e  I luf t I ss 1 1 1 ) 1  wi l ls  a h 5 l i t ( ’’ !.I~, i ts  Psstt ’tiiu, i I ,UC l i i ,  ‘s lsic es h is
1’ a ns~ss’l 55 , 1 > , I s s , l s ’rs ’ I l , is ’ i i t  iu l this ’ t iisI 5, 50 1 st  S5 ’ , ut t c r i l i 1 Ii I’ Shil ’SSti t} t .il ,, r,’s, ’ t ,_ i t l , c ’ us , ise lu lss ’ i t , s ss s~u ius l ’ics

cert ain it usi ul s it ’al hslUiid,iry c’s ’ iu d ui s u st i  clii thc su r f,mce t ta t  de l ,t i is  hue r i m ig e  515 i lie rs ’s s ’ r ssta l ,  ‘ iSis hi a c’ i t i t t  r u

piuhen lua l iuur geiser s ul husiu itd ir~ co t td ui ts ut t  re , j , i _ ’es 5 , ,  a sd of local sines that are i , Ie is l  Ic s I ‘a sil t  tI is ’ue ,,l’t ,iislej
rn ’s s i ’ u s s l y  hy l-lu niblet and Rius enl et ul  lm~ lii lereni u t i e t l t suu l s ,

I, 

- 
- 

~~~~~~~~~~~~~~~ ____ ~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~



F

10.

I I I .  SIJM 14ARIES~ (C ont ’d)

14. J. Math . Phys . Volume 17, Number 5 May 1976

Asymptotic approximations to angular-s pectrum
representati ons *

George C. Sherman, Jakob J, Stamnes,t and Eamon LaIor

The Inst i t u te of Optics. The University of Rochester . Roehesti ’r , ‘s ew York 146 27
(Received 29 Apnl 1975)

Under rather general conditions , a time-harmonic ss ase field x I S , y .  a) can he represented in a half-space
z > 0 l’s> a double in tegral knuswn as the angular spectrum of plane waves , The representation dis’ udes
naturall y into She sum of two double integrals , one of which (u 5l  us a superposition of hom ogeneous plane
waves and the other I us ,) us a supe rposition of umshonsogeneous plaise waves , We obtain asymptotic
approaimations to xl ,s . us , :1, is ,5, and u~ valid when She point of obsers’atton of the field recedes towards
infinity in a fixed direction through a fixed point, The results apply when the spectral amp litude of the
plane was’es belongs to a specific class which arises frequently in app lications. Our approach is based on
t he method of stationary phase , which w e  extend in order to permit the presence of unhomogeiseous was’es
in the integrand A lthousgh the analysis of ii requires that ‘a- c distinguish the directions ihat are
perpendIcular to the z a nts  from the directions pounting inlet the half-space :‘~ 0, the resulls for the former

L case are thue same as would be oh’staum ied I-s taking the .u pp rsspnat e lsn mit in the results of She latter ,:,ise We

) oblaun the general form of the as>mpiotic sequence appropriate for expand Ing us and present ex p licil

expressions for t he first two ternis . Our dc rs va lson justifies the results of prestous heuristic treatmen ts The
ansi / s sis of is,, and u~ requires separate Ireatn seru ts for direct Ions that are I , )  perpendicular to mIsc a a n us , ( i i i

parailel to the a i s i s . amud s l i t  neither perpenducular mtor parallel to ihe a axis In c,snlrast mu’s the behavior
of is, SIt e ass inphotic behavior s ’f u ,~ (and of us ,) differs in t h e  different cases. In each case , we obtain the
general form sf the appropriate asvm piu nic sequence and present the first term exp lucutly .

15. J. Opt.  Soc. Mt . Volume 66 , Number 6 June 1976

Spectral coherence and the concept of cross-spectral puri t y ”
I.. ~\‘1atsclel and F.. Wi ’sIf

,. I). rsi rt urus ’mut of Pltys sc u am i d t s i s ’ , ,s t ,Iss ,  h i s  I - ’ ,s , ,” ’ o,sc ‘‘I R’’~ s, ’,:,- s’ . I~s ’’  (s , ’ ’ .  r ~., ,, 5 ’  5

I Receis cii 2h I a u s u r y  I ’s ’ s,

‘i isIs ’ i i5 I ’ , ss i i r l ’  ‘It  c’ , lr l i t I , i t l ls i iS  us ‘ p5 5,  u I fuel,1’,. int r it s lsi ce sh In r, ’,, ’ i i t  l l s i  , s t i , ’ , s I l l s ,  ‘ii f l s , ! s , , i s s , I , ‘ a u t h

p.s r t i . s I Is ’ custier ent sourccs . is studied ,utud applied u s  he an su h y s is  ‘ , u , i t t er t c rr i s s ,‘ i’51u,’m ’ i tuiu ’ ui is ‘t I t u s  usic. is s smc ,

~~~ 2 ‘a his _ Is ‘a,’ ca ll th s’ s ’ ’ st ip / ’ n slegree is ! ’ spec iral ,sIl, - r c l s e e , sir S h e  sps ’dl rs i I c , u rre t sihi ’  ‘ i s , , ‘, ‘ui , ,,’ s ,t , , / s ,u s . , ,  i s ’ r u/cs

ilse ci’u rr el , uuss i i i s hat i txs s i  he tss s’ ess 1~,’ speetr s il s s u s s j s s ’ I l e l s l s  il .i gbv est  I s ’ ’ ,, , , , s , ,  , u s ( s e  I l c I s I  , ‘‘, s s , I . i l i , ’ s I — ’ lu a,’

~ ~~i, 
p 1 1 1 5 1 5  sts a 55 , 51 I l l s ’ S uips,ca l field A r c l , u l s , u t s  I - t a  ,‘,‘ s s h I s , ’ . ds’1iti ’s’ ‘ ‘ I  s , r t s ’ l , i i s , ’si  , s s s , h  his ’ ,,ss s ,, l hi ’ sI 5 , 5 , 5 5

C ‘ csu hs’ re r uce is ,s his s suied and Its- role I rsim ihs’ c ,s sss ~lJi’ s u t e d l  cit s ’ S s15 ’ c i r . l /  csut s s’ri-t ss ’r 
~~~~~ 

a, i / i c  s t ss ’ c t r ,u l

si ruu ’ ih ure ,s I a i’au,.hs’asu s inirrl’creuis ’e — s i  II’S I’ us s -s ,ims iiest, I s us .s hs , , ‘Is a,, t i s , , h  ib i s _ u ’ s ’ l i l j ’ Is  5 s ! 5 ’~~ 5 ‘‘5 , 5 5  ‘Pl c’t  r u ,

• “
~
“

~ 
u.ss licrcnce prsli5 l~lsI5 a ‘h e ir  uistg ht t i t us the phi > s uc ; u l  sugmuil ’ic . i uucu ’  ‘ ‘ I  1’’’’ ‘ 5/ 5 I ~ h r , l ~~it l  i~ u.S i s i s  It ss ’ ,s t . t  is iS Ii. ’l~h

4.’ sl i t ’ a , s  nu lls ss c r, ’ss s Sits’ s t i l l s  , ,srs ’ , hut ,ihsu’ luile u ilsie of his’ c ,s, ss r lu ’n , ls ’~ r’ ,’ ’s i s
~” ’ ,- liii ,- ,s lue l e t s , , ’ ii h ess’

—~~ ~ ‘ p sss iu t s  us I’,uus , s h  I,u he this 5 11 11 5 ,’ fis t cs , ’ r s  I i ,’ ,~,I li,’ \ ,.‘ohhu lusu i uu ’s u l ‘ ‘ I Its’ lsg ls i I Ii,’ t , , , u  s ‘ t b , ’, i ’ !  in t hus
5 s s i i s i h i i s  sf t h e  s pectr a l csunmpohleuut s ‘ ‘ I  hue i u t te r l , ’ s s ’ s i c s  l’t i t i ~~e’. 1 , 1  i t i s s I  l se I ’ i  hi , ,nu h I u s ’”i’ u ,suuu ts  

:~~~~~ ~~~~~~~~~~~~~~
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16. Phys. Rev . B . (To be published)

A MODEL DIELECTRIC FUNCTION FOR SEMICONDUCTORS : Si

J.T. Foley and 11. Landman

- Department of Physics and Astronomy, University of Rochester , Rochester , New York 14627

A model dielectric function for semiconductors based on the two
band tight-binding model of Chadi and White is presented . The complex

- dielectric function includes transitions in the entire frequency range
and satisfies the Kramers-Kronig relations and the f-sum rule. A
method of analyzing optical experiments is discussed and applied to Si.

) 17. Phys . Rev. D. (Submitted for publication)

‘I QUANTUM MECHANICS ,‘\S ,~\ GENERALI:En STOCHASTIC ThEORY IN PHASE SPACE

t ‘I M . D. Srinivas

Department of Physics and Astronomy, University of Rochester , Rochester , New York 14627

In this paper we formulate a ncs~ stochastic description of
quantum mechanics in phase space . The theory of phase space representa-
tions of quantum mechanics , initiated by Wigner , Groenewold and =
Moyal and systemati:ed recently by Agarwal and Wolf is essentially
a single-time theory , in that it deals only with the quantum mechanical
joint distribution functions for posi tion and momentum at sing le
instant of time . We develop a natural multi-time extension of such
a single-time theory.

We consider a class of multi-time phase space distribution func-
tions such that an arbitrary quantum multi-time correlation function
can be expressed as a phase space average of the form encountered
in classical stochastic theories . We study the non-classical features
of these multi-time distribution functions and show that they nay
be considered as characterizing a generalized stochastic process in
phase space . We demonstrate that the multi -time distribution func-
tions that correspond to Hamiltonian evolution of isolated quantum

~ 4.’) systems , satisfy a certain condition that may be regarded as

~ I characterizing a generalized Markov process. We also investigate

~~‘ ~ : certain special features of the generalized stochastic processes
that characterize the evolution of open systems .

‘

I
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.‘ IV . ADVANCED DEGREES EARNED BY GRADUATE RESEARCH ASSISTANT S WHILE

• EMPLOYED ON THIS PROJECT

S. M. -TEHRAN I , M.S.  degree , Univers i ty  of Rochester (1976) .

Ti tle of Thesis: “Angular Correlation Tensors of Free Stationary

I 

‘
~ Electromagnetic Fields” .
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- Radiation , multipole expansions, spatial dispersion , Cerenkov and transi tion
radiation , scattering , resonance , rad iative transfer , spectral coherence .
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his report presents summaries of investigations carried out under the
above grant , ch ie f ly  in the fo l lowing areas : radia t ion  from c lass ica l
charge-current distributions~~ mul t i pole expansions , elec trodyn am ics in
spat i a l l y  dispers ive media , Cerenkov and transition radiat i on , quantum
scat ter ing and resonance theory , radiative energy transfer in free
elec tromagne tic f ields , spectral coherence .
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